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ArteriesDespite the importance of collateral vessels in human hearts, a detailed analysis of their distribution within the
coronary vasculature based on three-dimensional vascular reconstructions is lacking. This study aimed to classify
the transmural distribution and connectivity of coronary collaterals in human hearts. One normotrophic human
heart and one hypertrophied human heart with ﬁbrosis in the inferior wall from a previous infarction were ob-
tained. After ﬁlling the coronary arteries with ﬂuorescent replica material, hearts were frozen and alternately cut
and block-face imaged using an imaging cryomicrotome. Transmural distribution, connectivity, and diameter of
collateralswere determined. Numerous collateral vessels were found (normotrophic heart: 12.3 collaterals/cm3;
hypertrophied heart: 3.7 collaterals/cm3), with 97% and 92%, respectively, of the collaterals located within the
perfusion territories (intracoronary collaterals). In the normotrophic heart, intracoronary collaterals {median di-
ameter [interquartile range (IQR)]: 91.4 [73.0–115.7] μm}weremost prevalent (74%)within the left anterior de-
scending (LAD) territory. Intercoronary collaterals [median diameter (IQR): 94.3 (79.9–107.4) μm] were almost
exclusively (99%) found between the LAD and the left circumﬂex artery (LCX). In the hypertrophied heart,
intracoronary collaterals [median diameter (IQR): 101.1 (84.8–126.0) μm] were located within both the LAD
(48%) and LCX (46%) territory. Intercoronary collaterals [median diameter (IQR): 97.8 (89.3–111.2) μm] were
most prevalent between the LAD–LCX (68%) and LAD–right coronary artery (28%). This study shows that
human hearts have abundant coronary collaterals within all ﬂow territories and layers of the heart. Themajority
of these collaterals are small intracoronary collaterals, which would have remained undetected by clinical
imaging techniques.erior des
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The area of myocardium at risk for infarction may be limited by a
well-developed coronary collateral circulation. Coronary collaterals
have been identiﬁed in healthy human hearts as well as in hearts with
coronary artery disease [1–4]. In slowly developing cardiovascular dis-
ease, small preexisting collateral arteries may grow by outward remod-
eling to become connections with higher ﬂow capacity [5,6]. This
process, termed arteriogenesis, is driven by the increase in ﬂuid shear
stress. In addition, new collaterals may develop through angiogenesis,
the formation of newvascular segments under the inﬂuence of tissue is-
chemia, and the stimulated release of vascular growth factors [7–9].
Thus far, only limited high-resolution data are available on the com-
plete human coronary tree in three dimensions [10,11]. In one study,
postmortem analysis of healthy human coronary vascular corrosion
casts shows that collateral lumen diameters range between 20 and
350 μm [2]. A stratiﬁcation of collaterals into subendocardial,the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Fig. 2.Deﬁnition of collaterals. Startingwith seed points at the origin of themajor coronary
arteries, indicated as LCX and LAD, neighboring points are labeled consecutively down the
vascular tree (arrow direction). A segment that was labeled twice identiﬁed the presence
of a loop in the vascular structure. The segmentwith the smallest diameter in the loopwas
assigned as the collateral connection (jagged gray lines). The intercoronary collateral con-
nections are indicated by “1”; intracoronary collaterals are indicated by “2.”
Fig. 1. 3D reconstruction of coronary vascular network in the normotrophic and
hypertrophied human heart. (A) Anterior view of the normotrophic heart in 3D.
(B) Anterior view of the hypertrophied heart in 3D revealing the entire coronary arterial
tree (C) Posterior viewof the hypertrophied heart. A decreased vascular density can be ob-
served in LVFW where the left marginal artery runs across the infarcted tissue (asterisk).
(D) 3D reconstruction of a transversal slab of the hypertrophied heart of ~2-cm thickness
at the level of the arrow head in C.
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unavailable. In addition, the presence of collateralswithin perfusion ter-
ritories received only little attention until now. Such collaterals may
however exert a protective function during local occlusions or rarefac-
tion in the microcirculation and hence prevent the occurrence of focal
ischemia or necrosis causing arrhythmia and contractile dysfunction
[12,13].
Given the importance of collaterals in the human heart and the scar-
city of knowledge about especially the small collaterals, we are working
towards a network analysis of coronary ﬂow distribution in man. Such
an analysis can be used for assessment of the role of collaterals in pro-
tection against acute or chronic local events. As a ﬁrst step, we per-
formed a detailed analysis of collateral distribution and connectivity
based on high-resolution reconstructions of the entire coronary tree.
2. Materials and methods
2.1. Sample preparation
Two hearts were obtained postmortem from the Department of Pa-
thology of theAcademicMedical Center (University of Amsterdam). The
study met the criteria of the code of good practice for use of human tis-
sue in the Netherlands, and patients' relatives gave written consent.
Theﬁrst heart (normotrophic)was froman84-year-old female diag-
nosed with amyotrophic lateral sclerosis, atrial tachycardia, mitral ste-
nosis, abdominal aortic aneurysm, atherosclerosis, and hypertension.
No major cardiovascular events occurred during her lifetime, and the
cause of death was noncardiovascular. Postmortem examination
yielded a 330-g heart of normal appearance and without congenital
anomalies. The second heart (hypertrophied) was from a 64-year-old
male diagnosed with amyotrophic lateral sclerosis and exhibitingcardiovascular symptoms including a 27-year-old myocardial infarc-
tion, atrial ﬁbrillation treated with a cardiac pacemaker, abdominal
aorta prosthesis after a ruptured aneurysm, and popliteal artery steno-
sis. The residual left ventricular function was 25% of normal. Postmor-
tem examination yielded a severely enlarged heart (weight: 595
g) due to concentric left ventricular hypertrophy and ﬁbrotic scarring
of the inferior wall caused by the old infarction. No valvar abnormalities
were noticed.
Immediately following autopsy, hearts were suspended from the
aorta, and both the right and left main coronary arteries were cannu-
lated. The coronaries were ﬂushed with calcium-free buffer solution
until no bloodwas present in the efﬂux. The coronary arteries were sub-
sequently ﬁlled, at physiological pressure of 80–100mmHg,with vascu-
lar replica material (Batson no. 17, Polysciences, USA) consisting of a
monomer base solution, a catalyst, and a promoter. A ﬂuorescent dye,
UV-Blue (excitation 375 nm, emission 505 nm, VasQtec, Switzerland),
was added to the replica material. During the vascular ﬁlling procedure,
the ventricular cavities were not pressurized. Instead, the heart was
suspended freely by mounting it from the aorta; to avoid stretching,
the heart was submerged in calcium-free buffer solution containing
adenosine. This setup thereby achieves a geometry permittingmost op-
timal ﬂushing and ﬁlling of the vasculature [11]. The vascular replica
material was allowed to harden for 24 h at room temperature. Hereaf-
ter, the hearts were immersed in carboxymethylcellulose sodium sol-
vent (Brunschwig Chemie, the Netherlands) mixed with 5% Indian ink
(Royal Talens, the Netherlands) and frozen at−20°C for at least 24 h.
2.2. Three-dimensional (3D) image acquisition
Image stacks of the entire heart were acquired by using an imaging
cryomicrotome. The cryomicrotome setup is described previously
[14,15]. In brief, the frozen embedded heart was mounted with its
long axis perpendicular to the cutting plane and cut from base to
apex. After each cut, the block face of the remaining bulk material was
imaged using a 4096×4096, 16-bit resolution digital camera (Apogee
Alta U-16, USA) equipped with a variable focus lens (Nikon 70–180
mm, Japan). The normotrophic heart was imaged at 30 μm in-plane res-
olution; the hypertrophied heart was imaged at 32 μm in-plane resolu-
tion due to its larger size. In both cases, slice thickness was identical to
the in-plane resolution to achieve isotropic voxel resolution. A reﬂection
Fig. 3. Vessel segment distribution in the myocardium. Distribution is shown of all vessel segments in the LVFW, RVW, and septum (SEP) for the subendo-, midmyo-, and epicardium in
both the normotrophic (left) and hypertrophied (right) heart.
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505 nm) of the heart were recorded for each slice. The resulting stack
of sequential images yielded a detailed representation of the 3D mor-
phology of the vascular network. The data set for an entire heart
contained over 4000 slices.2.3. Image restoration and vascular tree segmentation
Prior to further analysis, images were combined and scaled to aniso-
tropic voxel size of 60 μm and 64 μm for the normotrophic and
hypertrophied heart, respectively. Image blurring due to diffuse light
scattering originating from structures beneath the imaged surface and
lens distortion were corrected by image deconvolution with a system-
speciﬁc point spread function [16]. The correction of the entire image
stackwas performed usingMatlab (Matlab 2012,MathWorksMA, USA).
After deconvolution, vessel outlines were skeletonized using a
topology-preserving thinning algorithm [17]. Points forming center-
lines were classiﬁed according to their nearest neighbor connections
as endpoints, with one neighbor; midpoints, with two neighbors; and
bifurcations, in case of three neighbors. Higher-order points, such as tri-
furcations, were similarly classiﬁed. Vessel segments were deﬁned be-
tween consecutive nonmidpoints and labeled to serve as a topological
representation of the vascular network.
Local diameters were determined for each midpoint by examining
the cross-sectional intensity proﬁle along 64 equally spaced vectors inFig. 4. Collateral vessel distribution in the LVFW, RVW, and SEP for the subendocardium, midma plane normal to the segment's centerline [8,18].With the vessel center
at the maximum intensity, the full width at half maximum intensity
along each vector was determined and averaged for all vectors to yield
the corresponding local diameter. The mean diameter of each segment
was determined by averaging these local diameters over its length.2.4. Detection of collateral connections, spatial orientation, and
classiﬁcation
Starting with seed points at the origin of the three major coronary
arteries — left anterior descending (LAD), left circumﬂex (LCX) and
the right coronary artery (RCA) — neighboring points along the center-
line were traced and labeled consecutively down the vascular tree. Fol-
lowing this method, all centerline points were annotated as belonging
to LAD, LCX, or RCA. Each point on the centerlinewas assigned a numer-
ical label denoting its originating seed point. A segment thatwas labeled
twice identiﬁed the presence of a loop in the vascular structure, as
shown in Fig. 2. For each detected loop, the segment with the smallest
diameter was assigned as the actual collateral connection. The entire
tree was iteratively processed, evaluating all segments until no more
collateral connections were found. The resulting reduced skeleton of
the vascular tree, consisting of collateral connections, was used for fur-
ther analysis. The number of collateral vessel segments and the diame-
ter distribution were investigated for three different layers of equal
thickness in the left ventricular free wall (LVFW), septum, and rightyocardium, and epicardium in the normotrophic (left) and hypertrophied (right) heart.
Fig. 5. Collateral density for intracoronary collaterals (left) and intercoronary collaterals (right) in the normotrophic and hypertrophied heart.
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and epicardium. In case of the septum, the epicardial layer is identical
to the endocardial layer for the right ventricle. A segmentation of the
myocardial tissue volume was obtained using ITK-SNAP [19]. Data
were corrected for tissue volume and presented per cubic centimeter
tissue. Classiﬁcation of the collateral connections was according to
whether the collateral connects within the same ﬂow territory of the
coronary artery (intracoronary collateral) or between the ﬂow terri-
tories of two different main coronary arteries (intercoronary collateral)
[8,20,21]. Vascular network visualization was performed in AmiraFig. 6. Diameter distribution in the normotrophic and hypertrophied heart of all vessel segmen
lateral diameter was signiﬁcantly larger in the hypertrophied heart compared to the normotro(Amira 5.2 FEI Visualization Sciences Group Merignac, France). Final
manual inspection of vascular segments and collaterals conﬁrmed the
correct automatic assignment.
2.5. Statistical analysis
D'Agostino and Pearson's omnibus normality testing was used to
test for normal distribution of data. Non-normally distributed data
were presented as median ± interquartile range (IQR). The median di-
ameters between the normal and hypertrophied heart were comparedts (A) and the intra- (B) and intercoronary (C) collaterals. The median intracoronary col-
phic heart (*Pb.0001).
Table 1
Heart characteristics
Normotrophic heart Hypertrophied heart
Age (years) 84 64
Gender Female Male
Heart weight (g) 330 595
LVFW volume (cm3) 301 249
RVW volume (cm3) 37 52
SEP volume (cm3) 18 38
Voxel dimensions; x, y, z (μm) 30×30×30 32×32×32
Fig. 7. Diameter distribution of all collateral vessel segments (both intra- and intercoronary collaterals) in the normotrophic (left column) and hypertrophied heart (right column) heart.
The diameter distribution was analyzed for the subendocardium (endo), midmyocardium (mid), and epicardium (epi) in the LVFW (top panels), RVW (middle panels), SEP (bottom
panels) (*Pb.0001).
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layers of the heart were analyzed using one-way analysis of variance
using Kruskal–Wallis followed by a post hoc Dunn's multiple compari-
son test or a χ2 test. A value of Pb.05 was considered statistically signif-
icant. Statistical analyses were performed in Graphpad Prism
(GraphPad Software, Inc., La Jolla, CA, USA).
3. Results
The entire arterial tree of both hearts was reconstructed. In Fig. 1, 3D
reconstructions of the arterial tree of both hearts are shown. In the pos-
terior view of the hypertrophied heart (Fig. 1 C) and the transversal
view (Fig. 1 D), the decreased vascular ﬁlling in the area around the
left marginal artery corresponds to the location of the old infarction.
Table 1 provides an overview of the hearts' characteristics. The tissue
mass of the hypertrophied heart was larger compared to that of the
normotrophic heart and had clear signs of hypertrophy and infarct scarring.3.1. Arterial segments
Table 2 presents morphometric data on all arterial segments. In the
normotrophic heart, 853.6 arterial vessel segments per cm3 were de-
tected compared to 517.3 segments per cm3 in the hypertrophied
heart. Vascular density was highest in the subendocardium of the
Table 2
Vessel segments
Normotrophic heart Hypertrophied heart
Number of vascular segments 303,851 175,732
Vascular density (1/cm3) 853.6 517.3
Diameter range (μm) 30.0–5190.0 32.0–2299.0
Diameter median (IQR) (μm) 107.2 (83.6–144.1) 105.0 (81.4–136.8)
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hypertrophied heart were found in the subendocardium of the septum.
In both hearts, arterial density in the LVFW and septum decreased from
the subendocardium towards the subepicardium (Fig. 3).
3.2. Collateral segments
Table 3 presents morphometric data on the collateral segments. In
the normotrophic heart, 12.3 collaterals per cm3 were detected; in the
hypertrophied heart, 3.7 coronary collaterals per cm3 were found. The
distribution of collaterals in the myocardium was different for both
hearts, as seen in Table 3 and Fig. 4. In the normotrophic heart, collat-
erals were mainly found in the LVFW, predominantly in the
subendocardium (subendocardium: 62%, midmyocardium: 7%, and epi-
cardium: 2%). A more uniform distribution over the LVFW
(subendocardium: 10%, midmyocardium: 3%, epicardium: 4%) was
found in the hypertrophied heart. A considerable number of collaterals
were detected in the septum (septal subendocardium hypertrophied
heart: 56% vs. septal subendocardium of the normotrophic heart: 19%).
In the normotrophic heart, 97% of the collaterals were of
intracoronary nature, i.e., forming connections within one of the three
perfusion territories. In the hypertrophied heart, 92% of the collaterals
were of intracoronary nature. In the normotrophic heart, most
intracoronary collaterals were within the LAD territory (74%). In the
hypertrophied heart, the intracoronary connections were more homo-
geneously distributed within the LAD and LCX territories (48% and
46%, respectively) (Fig. 5). Intercoronary collaterals were most preva-
lent between the LAD and LCX region (99%) in the normotrophic heart
and between LAD and LCX (68%) and LAD and RCA regions (28%) in
the hypertrophied heart.
3.3. Arterial diameter
As shown in Fig. 6A, no difference in themedian arterial segment di-
ameter was found between the two hearts (normotrophic: 107.2, IQR:
83.6–144.1 μm, hypertrophied: 105.0, IQR: 81.4–136.8 μm). Themedian
intracoronary collateral diameter was larger in the hypertrophied com-
pared to the normotrophic heart (101.1 vs. 91.4 μm, Pb.0001), as shownTable 3
Intra- and intercoronary collaterals
Intracoronary collaterals Normotrophic heart Hypertrophied heart
Diameter range (μm) 30.0–359.1 37.7–381.1
Diameter median (IQR) (μm) 91.4 (73.0–115.7) 101.1 (84.8–126.0)⁎
Number and density of collaterals 4266 (12.0/cm3) 1147 (3.4/cm3)
LAD–LAD 3175 (8.9/cm3) 549 (1.6/cm3)
LCX–LCX 1022 (2.9/cm3) 525 (1.5/cm3)
RCA–RCA 69 (0.2/cm3) 73 (0.2/cm3)
Intercoronary collaterals Normotrophic heart Hypertrophied heart
Diameter range (μm) 48.9–357.9 59.4–320.9
Diameter median (IQR) (μm) 94.3 (79.9–107.4) 97.8 (89.3–111.2)
Number and density of collaterals 123 (0.4/cm3) 100 (0.3/cm3)
LAD–LCX 122 (0.3/cm3) 68 (0.2/cm3)
LCX–RCA 0 28 (0.1/cm3)
LCX–RCA 1 (0.003/cm3) 4 (0.01/cm3)
⁎ Pb.001 compared to normotrophic heart.in Fig. 6B. The median intercoronary collateral diameter tended to be
larger in the hypertrophied compared to the normotrophic heart (97.8
vs. 94.3 μm, P=.1188) (Fig. 6C). The median collateral diameters in
the subendo-, midmyo- and subepicardial layers of the LVFW of the
normotrophic heart were signiﬁcantly different (90.84, 101.7, and
116.8 μm, respectively; Pb.0001) (Fig. 7). In the hypertrophied heart,
no signiﬁcant differences between the diameters in any of the regions
were found. The diameters in the RVW and septum regions were not
signiﬁcantly different between the two hearts.
4. Discussion
This study is the ﬁrst to provide extensive data on the spatial distri-
bution and diameters of coronary collaterals in human hearts. Using our
imaging cryomicrotome technique andassociated image analysis proce-
dures, we were able to reconstruct the arterial network organization in
two hearts, including 853.6 per cm3 arterial segments in the
normotrophic heart and 514.3 per cm3 in the hypertrophied heart, of
which about 1% were collaterals. These collaterals were found in all re-
gions of both hearts and included both intracoronary collaterals (within
perfusion territories) and intercoronary vessels (between territories).
Our results demonstrate that a large number of collateral connections
exist in human hearts, with and without overt cardiovascular disease.
By far, the majority of the collaterals that our analysis found are too
small to be detected by current clinical imaging techniques.
4.1. Postmortem analysis of collateral density and distribution
Very few studies provide quantitative information on collateral dis-
tribution and diameters in normal and diseased human hearts. Baroldi
et al. [2] qualitatively described the extent and diameter range of collat-
eral arteries in normal and pathologic hearts by using a vascular corro-
sion castingmethod. Subsequently, Fulton et al. [1] used stereographyof
the entire heart to measure diameter and distribution of coronary col-
laterals within the ventricular wall in diseased and healthy human
hearts. These studies suggest that, in failing hearts, the collateral vessel
diameter is increased, while the number of collateral vessels remains
unchanged. From those studies, the structure of the entire human
heart and the distribution of coronary collaterals in 3D however
remained elusive. It was therefore not possible to derive absolute num-
bers of intercoronary and intracoronary collaterals in the various myo-
cardial layers from those data.
We determined the distribution of collaterals over the myocardial
wall using automated cutting and imaging. We found a median diame-
ter of the intracoronary collaterals of 91.4 and 101.1 μm and median
intercoronary diameters of 94.3 and 97.8 μm for the normotrophic and
the hypertrophied heart, respectively. The absolute number of collateral
vessels was higher than the numbers reported by Fulton, and themedi-
an diameters of the collaterals reported in the current study are smaller.
This can be explained by the use of a high-resolution imaging technique
and automated detection of collaterals in our study versus the manual
assessment in the study by Fulton.
4.2. Study limitations and methodological considerations
It is well known that coronary artery stenosis induces collateral
growth between perfusion territories, presumably caused by the in-
creased shear stress in combination with inﬂammatory processes [5].
We should stress that we cannot distinguish between newly formed
premature vessels as a result of angiogenesis, native collaterals, or col-
laterals that have developed or remodeled as a result of disease. As a
consequence of ﬁlling the remaining lumen of the epicardial coronary
arteries with replication material, the original vessel diameter is not
measured and the percentage narrowing cannot be determined.
Hence, it is not deﬁned whether the difference in the number, size,
and distribution of collaterals in these two hearts was caused by disease
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position, or environmental factors alone [22]. For example, previous
studies showed that coronary collaterals are less common in women
[23,24] and that advanced age may lead to collateral rarefaction and
an impaired collateral function [25]. Furthermore, the presence of co-
morbidities may inﬂuence the development and function of collaterals
[26,27]. In theory, the lower collateral density in the hypertrophied
heart may be caused by the combination of a low number of preexisting
collateral vessel or a decreased ability to grow collateral vessels as com-
pared to the normotrophic heart. However, these explanations remain
speculative as no causative mechanism for the difference in collateral
density could be identiﬁed in this study. Some determining factors for
collateral density may also act in concert or opposition, e.g., life style
combined with familiarly hypercholesterolemia may contribute to the
development of arteriosclerotic plaque and may impact on the ability
of collateral formation. From this study, these interrelated mechanisms
however cannot be identiﬁed. Furthermore, the normotrophic heart
was a heart with an average weight from an elderly female. It should
be noted that this heart therefore cannot be regarded as a completely
“normal” heart due to the medical history.
This study does not provide information on the functional relevance
of especially the smaller collaterals. However, given the distinct ana-
tomical location and small diameter, these collaterals may well provide
the substrate for prevention of microinfarctions in areas at risk after a
sudden occlusion or embolization. In future work, the detailed vascular
tree structure of these hearts can be used to model perfusion distribu-
tion and response to embolization.
The replicamaterial applied in this study does not penetrate into ar-
terioleswith a diameter less than 10 μm[15]. In addition, the optical res-
olution in this study was approximately 30 μm. The smallest arterioles
are therefore not included in the current data, and based on the distribu-
tion of collateral diameters, we speculate that alsomany tiny collaterals
have remained undetected. This study however clearly illustrates the
abundant numbers of small coronary collaterals and underlines the
need for further detailed analysis of the human coronary system.
4.3. Clinical relevance
Several clinical imaging techniques are available for quantitative as-
sessment of collateral diameters or collateral-dependent perfusion [28].
Yet, our study indicates that even coronary angiography, having at best
a resolution of approximately 200 μm, would not have allowed detec-
tion of the vastmajority (90%) of the collaterals [29]. Studies using angi-
ography to quantify the number, type, and function of collaterals will
only generate results for the larger, intercoronary collateral pathways.
Additionally, for the visualization of these pathways, the ﬂow of con-
trast through these vessels is mandatory. For the interpretation of angi-
ography studies, these limitation should be taken into account.
Coronary angiography also does not reveal emboli in small vessels
[30,31]. However, such microemboli may give rise to local ischemia
and microinfarctions. Instances where the presence of small coronary
collaterals has been shown to prevent infarction may further aid in elu-
cidating the role that these collaterals may have. An example of the pro-
tective effect of small coronary collaterals may be found in a study by
Baroldi et al. [32]where, in patients with thrombotic thrombocytopenic
purpura (TTP), only in ~10% of the relatively young cases of TTP was
focal myocardial necrosis present. However, Saber et al. [33] studied
cases where patients died within 3 weeks after balloon angioplasty
and/or thrombolysis treatment and reported microemboli causing the
extension of preexisting infarctions or new infarctions. These cases indi-
cate that microembolization may or may not cause infarctions. The oc-
currence of (micro)infarctions and the ability to grow or expand
preexisting collaterals pathways after microembolisation likely are af-
fected by several factors such as medical history and age. The current
data may provide a base for the better understanding of the protection
against such microinfarcts by intracoronary collaterals, in addition tothe protective role of the intercoronary collaterals in chronic or acute
coronary syndromes. As a next step, the current data can be used for
modeling of local perfusion and oxygenation in the presence of emboli.
In conclusion, we found abundant coronary collaterals in one
normotrophic and onehypertrophied humanheart. Small intracoronary
collateralswere foundwithin all ﬂow territories aswell as in all layers of
the ventricular wall. The small diameter of most collaterals found in our
postmortem analysis prevents detection of the vast majority of collat-
erals in clinical imaging. Yet, these vessels may well prove to protect
against acute or chronic local myocardial events. Further study to vali-
date if the results of this studywill extrapolate to normotrophic and hy-
pertrophic hearts in general is therefore warranted.References
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